Parametric amplification is widely used in nanoelectro-mechanical systems to enhance the transduced mechanical signals. Taking advantage of the excellent electrical and mechanical properties of graphene, we demonstrate tunable parametric amplification using a doubly clamped graphene nanomechanical resonator. By applying external microwave pumping with twice the resonant frequency, we investigate parametric amplification in a nonlinear regime. A maximum gain of 10.7 dB can be achieved by varying the gate voltage in a nonlinear regime. When the power of external pumping is further increased, the gain of the vibrational amplitude decreases, suggesting that the graphene nanomechanical resonator is driven into a deep nonlinear regime (DNLR), where much greater dissipation occurs due to higher-order nonlinearity. Our results provide a platform for ultrasensitive detection applications and studies on nonlinear physics using graphene nanomechanical resonators.
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Graphene is considered a promising material for nanoelectro-mechanical systems applications because of its excellent electrical 1, 2 and mechanical 3, 4 properties. Taking advantage of high resonant frequency 5 , high quality factor 6 and good electrical tunability 7 , graphene-based nanomechanical resonators are widely used in ultrasensitive detection [8] [9] [10] [11] [12] [13] , cavity optomechanics [14] [15] [16] [17] [18] and especially nonlinear physics research 19, 20 , including Duffing nonlinearity 21 and nonlinear damping 22, 23 . In these applications, to enhance the transduced mechanical signals, an effective solution is parametric amplification, which is achieved by using the energy from an external pump. One of the most conventional methods is pumping at a frequency twice the resonant frequency of the nanomechanical resonator, which modulates the spring constant of the resonator 24 . Such a technique is widely used in studies on nanomechanical resonators [24] [25] [26] [27] [28] [29] . Here, we applied this technique to a doubly clamped graphene nanomechanical resonator 30 to demonstrate parametric amplification of mechanical motion. Due to the excellent mechanical properties of ultralow mass density and high Young's modulus 3 , we can investigate parametric amplification of a graphene nanomechanical resonator in a nonlinear regime. We observe that the gain of vibrational amplitude increases with the power of external pumping 2 until − 45 dBm. Upon further increasing 2 , the gain decreases, suggesting that the graphene nanomechanical resonator is driven into a deep nonlinear regime (DNLR) where much greater dissipation occurs due to higher-order nonlinearity. A maximum gain as high as 10.7 dB can be achieved by varying the gate voltage in the nonlinear regime. Our results not only provide the possibility of applications for ultrasensitive detection and sensing but also offer a platform for studying nonlinear physics using graphene nanomechanical resonators. Figure 1a shows a scanning electron microscopy (SEM) image of the device investigated in the experiment. A few-layer graphene flake is suspended over a prepatterned trench, serving as a nanomechanical resonator. A schematic of the cross-section is shown in Figure 1b . First, a layer of (50 nm) is deposited via low-pressure chemical vapor deposition (LPCVD) on a silicon oxide layer (with a thickness of 300 nm), which covers a highly resistive silicon wafer. After electron beam lithography (EBL), a trench is etched through the layer by reactive ion etching, followed by dipping in hydrofluoric acid. The total etching depth is approximately 170 nm. The width of the trench is designed to be 2 μm. After a second EBL step, 3 nm titanium and 20 nm gold
are evaporated onto the wafer. Two contacts with widths of ~1 μm are defined as the source and drain, labeled as S and D, respectively, in Figure 1a . A bottom electrode is defined as a gate (labeled as G in Figure 1a ) for electrical tuning. Finally, a graphene ribbon, exfoliated on a polydimethylsiloxane (PDMS) stamp, is aligned and transferred above the trench 31 . The suspended graphene has a length of 1 μm and a width of 400 nm. All measurements were carried out at ~250 mK and a pressure below 10 −7 Torr.
We characterize the nanomechanical resonator using the one-source frequency modulation (FM) technique 32 . The graphene resonator is actuated by the FM signal with an amplitude ̃ at the driving frequency . The FM signal has the form 32 :
where is the amplitude of the driving voltage, ∆ is the deviation frequency (typically 43 kHz in the experiment), and is the modulation frequency (typically 1.03 kHz). The mixing current at frequency is detected by a lock-in amplifier at the drain electrode. A dc gate voltage ( ) is applied to the gate to adjust the stress of the resonator, as illustrated in Figure 1a . Figure 1c shows the spectrum of the device when varying the gate voltage . As increases, the resonant frequency increases, indicating that the strain induced by electrostatic force becomes larger when tuning to a more positive value. The parabolic shape suggests a low built-in tension is obtained during fabrication 8 . By fitting the resonant frequency as a function of , we can extract the effective mass = 5.7 × 10 −18 kg, as shown in Figure 1d .
To realize parametric amplification, continuous external pumping at a frequency of 2f (labeled as ̃2 ) is applied to the gate through a bias-tee, as shown in Figure 1a . We define the power of the FM signal ̃ as and the power of external pumping ̃2 as 2 . In our experiment, is minimized to −62 dBm so that the visible signal is mainly induced by ̃2 . Figure 2a shows the mixing current as a function of f and 2 ( set to 16.5 V). The mixing current at resonance varies when increasing 2 and obtains a maximum value at 2 =~−46 dBm. We plot the mixing current as a function of driving frequency f at two typical pumping powers 2 =−56 dBm and 2 =−40 dBm in Figure 2b and Figure 2c , respectively. The results can be quantitatively understood using the model written as 22 :
where is the effective mass of the nanomechanical resonator, is the spring constant, and α is the coefficient of the nonlinear Duffing force. In our model, we consider two ways of dissipation:
linear term / and nonlinear term 33 2 / .
( ) is considered an equivalent driving force combining the contributions of both ̃ and ̃2 .
As shown in Figure 2b , when 2 =−56 dBm, the response shows a typical line shape of mixing current obtained using an FM technique 32 :
where [ 0 ] is the real part of the resonator's vibrational amplitude and is the driving frequency. We consider the nanomechanical resonator lies in the linear regime. We can simply fit the experimental data with 32 :
where is the driving frequency, 0 is the resonant frequency and is the quality factor. The black solid curve in Figure 2b shows the best fitting result. The linear damping coefficient = 8.86 × 10 −12 kg • s −1 can be obtained by ∆ = /2 (∆ = 0 / ) at 2 =−56 dBm (see Figure 2b ), and we assume remains unchanged in both linear and nonlinear regimes.
When 2 ranges from −56 dBm to −53 dBm, the influence of nonlinearity becomes more pronounced while the line shape of the mixing current is still symmetric (similar to Figure 2b ). In this regime, we have 22 :
where the driving force nanomechanical resonator is fully in a nonlinear regime. We use and obtained at 2 =− 53 dBm as the initial values for fitting in this nonlinear regime by solving Eq. (2) . The values of α, and can be extracted from the best fit curve (shown by the black solid curve in Figure   2c ). The quality factor can be estimated as 22 : increases (see Figure 3c ). However, when 2 exceeds −45 dBm, the behavior of α, , and | | changes significantly. Additionally, the quality factor decreases at larger 2 values due to nonlinear damping 22 . The estimated α~10 15 −2 −2 is comparable to the result obtained from a graphene nanomechanical resonator 19, 21 , while the estimated ~10 6 −2 −1 is one order of magnitude larger 19 .
To quantitatively characterize the effect of parametric amplification, the gain of parametric amplification is extracted. We use two different equations to define amplification gain. One is
is the measured mixing current with external pumping 2 on (off ). We also define ( 0 ) = 20 • lg ( 0 / 0 ) where 0 is the vibrational amplitude at resonance, which can be calculated by 22 : , where the influence of such a higher-order nonlinear process becomes more pronounced.
Another indicator of this higher-order nonlinearity is the overestimation of the nonlinear damping coefficient extracted from the experiment. The variation in gain can be understood as competition between parametric pumping and nonlinear dissipation. Once the resonator enters the DNLR, much greater dissipation occurs due to higher-order nonlinearity, resulting in a decrease in the gain.
Finally, we investigate parametric amplification at different resonant frequencies by varying the gate voltage . Figure 4b shows the maximum gain (with 2 ranging from −56 dBm to − 38 dBm) as a function of . The max gain increases monotonously when increasing , suggesting that the parametric amplification effect is more pronounced when a larger strain is induced by electrical tuning in the flake 29 . The power of external pumping when the gain is at the maximum value remains almost unchanged (~−46 dBm) at different . In our experiment, the maximum gain is ( )=10.7 dB and ( 0 )=10.2 dB at =19 V, which is comparable with results observed in graphene drum resonators 27 .
In summary, we demonstrate parametric amplification in a doubly clamped graphene nanomechanical resonator using the FM mixing technique. The largest gain of 10.7 dB is observed in the nonlinear regime. When further increasing the external pumping power, dissipation due to higher-order nonlinearity will compete with parametric pumping, leading to a decrease in gain. The nonlinearity in nanomechanical resonators may be related to phonon tunneling, sliding at contacts, nonlinearities in phonon-phonon interactions, or contamination in combination with geometrical nonlinearities 22 . The detailed origin and model of this higher-order nonlinearity need to be further investigated. Our design of a graphene nanomechanical resonator can be further extended 34 , which will provide a scalable architecture for potential applications of parametric amplification. The ability to amplify the vibrational amplitude in the nonlinear regime makes graphene nanomechanical resonators attractive for a wide variety of sensing applications. Additionally, our results provide a platform for studying nonlinear physics using graphene nanomechanical resonators. 
